
Cardiovascular diseases are the primary cause of death 
globally1. The WHO estimated that 17.9 million peo­
ple died from cardiovascular diseases in 2016 and that 
this number will increase to 23.6 million by 2030 (ref.2). 
Of these deaths, 85% are caused by myocardial infarc­
tion or stroke2. In these patients, early diagnosis and 
timely intervention are of great importance for survival. 
In the past 50 years, the emergence of cardiovascular 
electronic devices (CEDs), such as implantable pace­
makers, implantable cardioverter–defibrillators (ICDs), 
cardiac resynchronization therapy devices and vari­
ous implantable or wearable monitoring devices, has 
been hugely beneficial to cardiovascular health and 
has reduced morbidity and mortality associated with 
cardiovascular disease3. CEDs have evolved and are 
now smaller, with a longer battery life and improved 
functionality compared with previous devices. However,  
some limitations curtail the greater uptake and 
widespread application of this technology, mostly 
associated  with finite battery life, miniaturization, 
sensing capacities, lead malfunction and device-related 
infections. In this Review, we discuss the next gene­
ration of CEDs, which involve self-powered tech­
nology4 and which are designed to address some of  
the main limitations in the field. We also summarize  

the prospects in the near future for implantable and 
wearable ‘intelligent’ CEDs.

Current technologies for CEDs
Implantable CEDs
In 1958, the first implantable pacemaker was developed5 
and, since then, tremendous improvements in cardiovas­
cular implantable electronic devices (CIEDs) have been 
made. Modern CIEDs, including implantable pacemakers, 
ICDs, cardiac resynchronization therapy devices, 
implantable loop recorders and implantable haemody­
namic monitoring devices, have already saved millions 
of lives by providing more accurate and continuous  
diagnostic and therapeutic capability (Fig. 1). The growth, 
general ageing and increasing life expectancy of the 
worldwide population have resulted in increased pre­
valence of chronic diseases, such as heart failure and atrial 
fibrillation, meaning that CIEDs have an increasingly 
important role in modern health-care systems.

Cardiac pacemakers. Cardiac pacemakers are the best 
known and most widely used CIEDs and were initially 
used to correct electrical conduction disorders, such as 
bradycardia and syncope6. Each year, millions of patients 
undergo permanent implantation of a pacemaker to 
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prevent or treat life-threatening cardiac conditions. The 
design of pacemakers has continually evolved, reflect­
ing both technological progress and increasing under­
standing of cardiac function. Today, pacemakers have 
the typical single-chamber and dual-chamber modes, 
as well as more advanced pacing methods, such as 
biventricular pacing (also known as cardiac resynchro­
nization therapy7–10) and His-bundle pacing11,12. These 
new pacing modes require complex sensing capacities, 
alternative functions and improvements in system opti­
mization, such as battery longevity, miniaturization, 
leadless design and software upgrades. For example, 
optimized software algorithms can iteratively test the 
pacing threshold and automatically adjust the output 
power, thereby prolonging the life of the pacemaker to a  
total of 10 years13,14. Other algorithms can be used to 
monitor atrioventricular nodal conduction and optimize 
pacing in patients with intermittent atrioventricular 
node block15,16.

Implantable cardioverter–defibrillators. ICDs are 
another class of battery-powered CIED, commonly 
used for preventing sudden cardiac death in patients 
with known, sustained ventricular tachycardia or fibril­
lation. Studies have shown that ICDs can have a role in 
preventing cardiac arrest in individuals who have not 
had, but are at high risk of developing, life-threatening 
ventricular arrhythmias17,18. ICDs can also have the fea­
tures of a pacemaker. New devices provide additional 
‘overdrive’ pacing to electrically convert a sustained 
ventricular tachycardia or ‘back-up’ pacing if brady­
cardia occurs. ICDs also offer a host of other sophisti­
cated functions, such as the abilities to record detected 
arrhythmic events and to perform electrophysiological 
testing19. Modern ICDs have a volume of <40 cm3, sim­
ilar to that of older-generation pacemakers. However, 
the life of ICDs (approximately 5 years) is shorter than 
that of pacemakers (approximately 12.5 years) because 
their continuous working mode requires greater power 
consumption. Therefore, extending the battery life of 
ICDs is a priority.

Implantable loop recorders. Implantable loop record­
ers are a type of CIED used for heart monitoring. 
Implantable loop recorders can record an individual’s 
heart rhythm continuously for >3 years, providing a 
range of important information that cannot be obtained 

by other methods, which can assist with making a 
definite diagnosis and instituting effective treatment. 
For example, implantable loop recorders can cap­
ture infrequently occurring abnormal heart rhythms 
that are missed by standard electrocardiography or 
dynamic electrocardiography from a Holter monitor20. 
Implantable loop recorders are often used to diagnose 
arrhythmia-based syncope, which is difficult by other 
approaches21. Implantable loop recorders are also used 
to detect recurrences of atrial fibrillation or tachycardia 
after ablation procedures22,23. Battery life is also a major 
concern with this type of device.

Wearable or portable CEDs
Wearable electronic devices have revolutionized dig­
ital and mobile health monitoring by enabling health 
monitoring to be continuous and longitudinal, both 
within and outside the clinical setting24. In cardiovas­
cular medicine, wearable electronic devices have an 
extremely broad range of potential applications in ena­
bling the monitoring of vital signals to help to diagnose 
both acute and chronic forms of cardiovascular dis­
ease. Cardiovascular wearable electronic devices can be 
divided into four main categories on the basis of their 
function: electrocardiography and heart rhythm moni­
tors, heart rate monitors, haemodynamic monitors25 and 
daily activity monitors. Cardiovascular wearable elec­
tronic devices come in various designs, including wrist 
bands (cuffs)26,27, smart watches28–31, rings32, vests33, chest 
patches34–36 and T-shirts37 (Fig. 1).

Wearable electrocardiography and heart rhythm mon-
itors. As early as the 1960s, “evanescent cardiac abnor­
malities and phantom arrhythmias” were being detected 
with the use of ambulatory electrocardiography to 
explain clinical syndromes38. With the development of 
cost-effective mobile communication technology, ambu­
latory electrocardiography signals could be recorded and 
data uploaded remotely via the mobile cardiac outpatient 
telemetry system developed in 2002 (ref.25). Currently, 
smaller and more convenient wearable devices for 
recording electrocardiographic data have been approved 
for use, including the KardiaBand (AliveCor), Apple 
Watch (Apple) and ScanWatch (Withings). These devices 
can detect atrial fibrillation and classify heart rhythm 
as being normal or out-of-range in just a few seconds,  
providing clinicians with valuable diagnostic data.

Wearable heart rate monitors. Various wearable elec­
tronic devices for continuous, real-time heart rate mon­
itoring have been developed. These wearable devices 
have evolved from chest-strap monitors to wristband 
monitors. The measurement of heart rate has advanced 
from the traditional, simple recordings taken by physi­
cians to the continuous, daily monitoring taken by indi­
viduals wearing these devices. The most commonly used 
technology in wearable devices for the detection of heart 
rate is photoplethysmography, which measures changes 
in light absorbance through the skin39,40 and has an error 
of <10%41,42. However, these measurements might be less 
accurate during exercise or in individuals with dark skin 
pigmentation, tattoos or high levels of body fat.

Key points

•	The introduction of implantable or wearable electronic devices has revolutionized 
diagnosis and therapy in cardiovascular medicine, reducing morbidity and mortality 
of millions for patients with cardiovascular disease.

•	Current battery-powered cardiovascular electronic devices have a limited life and 	
do not allow long-term, uninterrupted monitoring or treatment of cardiovascular 
disease, which is crucial for preventing death and/or improving quality of life.

•	Abundant sources of energy exist in the human body and the surrounding 
environment, such as biomechanical, solar, thermal and biochemical energy.

•	Self-powered technology, which converts energy from the human body or surrounding 
environment into electricity, can provide a sustainable source of power to replace or 
supplement battery technology.
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Wearable haemodynamic monitors. Given the increas­
ing prevalence of heart failure, tools that can detect 
early signs of decompensation are greatly needed43,44. 
Wearable devices for remote dielectric sensing and bio­
impedance monitoring were developed for this purpose 
and can identify differences in the dielectric properties of  
different tissues to provide a quantitative analysis  
of the degree of pulmonary congestion and the levels of  
intrathoracic fluid45. The use of wearable bioimpedance 
monitors to detect transthoracic impedance is more 
convenient and sensitive than current clinical methods 
for predicting heart failure such as gain in body mass, 
which can also reflect the intrathoracic impedance and 
intrathoracic fluid level46.

Wearable daily activity monitors. Daily activity data can be 
used to support cardiovascular clinical decision-making. 
These data can be used to predict the risk of cardiovascu­
lar disease and to help patients with chronic cardiovas­
cular disease to make timely alterations to their therapeutic  
regimen. Activity monitors are usually mechanical motion 

sensors that rely on accelerometers to measure movement. 
The accelerometer can be integrated with other weara­
ble equipment to record estimates of applied forces, body 
motions and the surrounding environment. However, 
several problems still constrain the widespread use of 
wearable daily activity monitors in clinical practice47, and 
further validation is needed. For example, accelerometers 
are not suitable for assessing non-ambulatory activities, 
and the limited life of batteries makes the continuous use 
of wearable monitors a challenge48.

Considerations for next-generation CEDs
The fundamental motivation for the invention of 
implantable and wearable CEDs was to free patients 
from the time and space constraints of repeated 
measurements in a health-care setting and to provide 
long-term, uninterrupted monitoring and treatment. 
To achieve these aims, a CED must have a sustainable 
energy supply and integrated functionality.

With current battery technologies, CEDs need 
to be replaced or recharged periodically, depending 
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Fig. 1 | Existing electronic devices for cardiac conduction disease. The cardiac impulse originates in the sinoatrial node 
(SAN) and moves through the atrioventricular node (AVN), the His bundle (His), and the left and right bundle branches,  
and stimulates their terminal Purkinje fibres (PF). These structures (1–4) are identified in the image of the heart. Abnormal 
conduction of electrical signals in this pathway can cause a variety of cardiovascular diseases. Therefore, monitoring of 
cardiac signals and timely interventions targeting the conduction system are crucial. Cardiovascular electronic devices 
have been developed for the diagnosis and treatment of cardiac conduction disease. Existing devices can be divided  
into two classes: wearable electronic devices, mainly for monitoring cardiac-related signals, including chest straps and 
patches, smart vests and T-shirts, wristbands, and smart watches and rings; and implantable electronic devices, including 
vagal nerve stimulation devices, pacemakers, implantable cardioverter–defibrillators, cardiac resynchronization therapy 
devices, implantable loop recorders and implantable haemodynamic monitoring devices. BP, blood pressure; ECG, 
electrocardiogram; HR, heart rate; PAP, positive airway pressure; SpO2, blood oxygen saturation.
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on utilization and battery volume. Developments in 
implantable devices over the past two decades have 
led to a reduction in the volume of ICDs from 70 cm3 
to 30 cm3 and an extension in their life from 5 years to 
10 years49. However, many patients still require replace­
ment of their CED because of limited battery capacity as 
well as issues related to chemistry and physical structure  
(size and mass). Furthermore, physicians need to balance 
the life expectancy of the patient and the life of the CED 
because a mismatch can increase the likelihood of needing 
to change the CED, which is associated with a fourfold 
increased risk of infection and up to a fivefold increased 
risk of lead complications50,51. For rechargeable wearable 
devices, limited battery capacity greatly constrains patient 
freedom when using the device and reduces compliance.

Conversely, to meet the extensive requirements for 
clinical approval, future CEDs will require more func­
tions, more powerful computing and remote communi­
cation capabilities, which will further increase the power 
consumption of the device. For example, the mean 
maximum predicted life of existing single-chamber 
and dual-chamber pacemakers is 12.0 ± 2.1 years and 
9.8 ± 1.9 years, respectively (calculated using data on the 
six latest mainstream models of pacemaker) (Table 1). 
If more advanced features were incorporated, such as 
remote monitoring, pre-arrhythmia electrocardiogram 
storage and rate response, the life of devices would be 
reduced by approximately 0.5–3.6 years51. On the basis of 
these considerations, alternative energy sources, such as 
triboelectric nanogenerators (TENGs) and piezoelectric 
nanogenerators (PENGs), solar energy harvesters, 
thermal energy harvesters and biofuel cells, are currently 
being assessed in preclinical studies (Fig. 2a). These strat­
egies, which convert energy from the human body or its 
surrounding environment into electricity to provide a 
sustainable power source, can be defined as self-powered 
technologies. These technologies can potentially be used 
to design the next generation of CEDs.

Existing self-powered technologies
Technologies to harvest energy to power CEDs sus­
tainably are urgently needed. However, the energy 
sources available in biological systems are mainly the 
slow stretching of muscle, the slow flow of biofluids 
and blood, and possibly infrared light and sonic waves 
that can penetrate deep tissues. Biomechanical action is 
one of the major sources of power and has attracted a 
lot of attention. The following technologies have been  
developed to capture these energy sources (Table 2).

Piezoelectric nanogenerators
The piezoelectric effect is a way of generating an internal  
electric potential by applying a mechanical force52,53. 
Typically, when an external force is applied to a piezoelec­
tric material, mutual displacement of anions and cations 
occurs in the crystal and produces an electric dipole moment. 
Cumulatively, this process generates a difference in 
the potential distribution throughout the material in the 
direction of the tension. PENGs, or piezoelectric genera­
tors when referring to non-nanomaterial systems, were 
invented using nanomaterials or bulk materials with a 
piezoelectric effect, including some inorganic materials, 

such as zinc oxide (ZnO), lead zirconate titanate (PZT), 
barium titanate, modified PZT, lead metaniobate, lead bar­
ium niobate and modified lead titanate, and some organic 
materials, such as polyvinyl chloride and polyvinylidene 
fluoride and its derivatives54.

The currently available PENGs are mostly composed 
of external loads, piezoelectric components and flexible 
substrates. ZnO nanowire is a classic material for build­
ing a PENG55,56, and ZnO is used here as an example 
to describe the functional mechanism of PENGs. ZnO 
has a wurtzite structure with asymmetric structures along 
and perpendicular to the c-axis, in which Zn2+ and O2− 
are related in a tetrahedral configuration (Fig. 2b). In its 
original state, the charge centre of the cations and the 
charge centre of the anions overlap. When an external 
force is applied along the c-axis, the charge centres are 
displaced and a dipole moment is formed. A potential, 
called the piezoelectric potential, is macroscopically 
generated as a result of the superposition of the dipole 
moments from each of the crystal cells. Driven by this 
piezoelectric potential, electrons will flow in an external 
circuit and can power electronic devices. With repeated 
application and withdrawal of external forces, the PENG 
will produce a continuous alternating current to the con­
nected external circuit. Various materials can be selected 
or synthesized for use in PENGs to make different types 
of device for use in particular scenarios.

Triboelectric nanogenerators
TENGs are another type of mechanical–electrical 
energy conversion device that function by combining 
triboelectrification and electrostatic induction57. The basic 
principle of this type of nanogenerator is that two mate­
rials with different electron-capture properties can carry 
different charges after contact and separation, thereby 
inducing an electric potential between the surfaces. Each 
material has an electrode attached to its back surface. 
The opposite charges on each material can generate elec­
trostatic induction, which drives electrons in the metal 
electrode on the back of the friction material to flow in 
order to balance the difference in electric potential that 
has been created. When these two back electrodes are 
connected by an external circuit, the existing electric 
potential, called the triboelectric potential, can drive free 
electrons through the circuit, and an electric current is 
generated. TENGs can be classified into four different 
working modes58 (Fig. 2c).

Vertical contact–separation mode. A traditional TENG 
operating on the basis of a vertical contact–separation 
mode usually consists of five parts: two different friction 
layers, two electrode layers and an external circuit. The 
two friction layers are moved vertically into contact and 
then separated during working cycles59. As this contact–
separation process is repeated under a mechanical load, 
continuous alternating current output is generated by 
the TENG60.

Lateral sliding mode. A lateral sliding mode TENG is 
composed of two layers aligned in parallel, with elec­
trodes on the top and bottom of each layer. One layer 
slides in parallel to the other so that the two ends no 

Piezoelectric effect
The capacity of certain 
materials to generate an 
electrical charge in response  
to applied mechanical force.

Crystal
A solid material whose 
constituents (such as atoms, 
molecules and ions) are 
arranged in a highly ordered 
microscopic structure to form  
a crystal lattice that extends  
in all directions.

Electric dipole moment
The separation of a positive 
charge and a negative charge 
by a distance; a measure of  
the polarity of a system.

Wurtzite structure
A hexagonal crystal structure 
that occurs in various binary 
compounds; named after the 
mineral wurtzite.

C-axis
In crystal drawings, by 
convention, the c-axis is 
usually oriented vertically  
in the plane of the paper;  
all crystals except those with  
a cubic (or isometric) crystal 
structure have a c-axis.

Charge centre
The position in a charge 
distribution with non-zero  
total charge where the electric 
dipole moment vanishes.

Superposition
Superposition is the capacity 
of a quantum system to be  
in multiple states at the same 
time until it is measured.

Triboelectrification
A type of contact electrification 
whereby certain materials 
become electrically charged 
after they are separated from  
a different material with which 
they were in contact.

Electrostatic induction
A method to create or 
generate static electricity  
in a material by bringing an 
electrically charged object  
near to it, which causes the 
electrical charges to be 
redistributed in the material, 
resulting in one side having  
an excess of either positive  
or negative charges.
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longer overlap. An electric field is generated owing to 
the spatial distribution of the surface triboelectrification 
charges. A current is generated if the two electrodes are 
connected by an external circuit61.

Single-electrode mode. A single-electrode mode TENG 
consists of two dielectric layers but with only one layer 
being connected to an electrode, which is grounded. 
When the other layer is moved and the distance between 
the two layers varies, an electrostatic potential is cre­
ated owing to the surface triboelectric charges. A cur­
rent is then generated between the electrode and the 
ground62.

Freestanding mode. A freestanding mode TENG is an 
optimized version of the single-electrode TENG63. To 
utilize all the induced potential from the two electrodes 
in the single-electrode TENG, two electrode plates are 
positioned alongside each other, below the dielectric 
layer. The mechanism of electricity generation is similar 
to that in the lateral sliding mode64.

Pyroelectric nanogenerators
Pyroelectric nanogenerators (PyENGs) are energy col­
lection devices that can convert thermal energy into 
electrical energy by using nanomaterials with pyroelec­
tric effects65,66. The pyroelectric effect refers to changes 

Table 1 | Features and durability of cardiac implantable electronic devices

device model 
(manufacturer)

Mode Volume 
(cm3)

Usable 
battery 
capacity (a∙h)

Battery 
chemistry

Features Predicted 
lifea (years)

Time from 
Eri to EoS 
(months)

Cardiac pacemakers

Evia (Biotronik) DR 12.0 1.2 Li–MnO2 RF, HM, CLS, 
accelerometer

9.0–11.5 6

SR 11.0 1.5 12.9–14.5

Accolade EL (Boston 
Scientific)

DR 15.8 1.6 Li–CFX RF, HM, MV, 
accelerometer

10.9–12.4 3

Accolade (Boston Scientific) DR 13.7 1.0 Li–CFX RF, HM, MV, 
accelerometer

7.2–8.3 3

SR 13.2 1.0 8.7–9.4

Kora 100 (LivaNova) DR 8.0 0.8 Li–iodine HM, MV, accelerometer 8.0–9.9 3

SR 7.5 0.8 10.1–11.4

Advisa and Ensura (Medtronic) DR 12.7 1.1 Li–CFX and SVO HM, accelerometer 6.3–7.2 3

SR 11.9 1.1 8.4–9.1

Assurity (St. Jude Medical) DR 10.4 0.91 QMR cell RF, HM, accelerometer 9.1–10.9 6.5

SR 10.4 13.5–15.3 9.4

ICD and CRT-D

Iperia (Biotronik) ICD (DR) 31 1.39 Li-CFX or Li-SVO RF, HM 9.4 3

ICD (SR) 31 1.39 10.4

CRT-D 36 1.52 7.5

Autogen EL and Autogen X4 
(Boston Scientific)

ICD (DR) 29.5 1.78 Li-MnO2 RF, HM 12.4 3

ICD (SR) 29.5 1.78 13.0

CRT-D 29.5 1.75 10.4

Platinium (LivaNova) ICD (DR) 31.2 1.53 Li-CFX or Li-SVO RF, HM 17.5 11

ICD (SR) 31.2 1.53 18.1

CRT-D 31.2 1.53 12.1

Evera and Viva (Medtronic) ICD (DR) 33 1.0 Li-CFX or Li-SVO RF, HM 9.7 3

ICD (SR) 33 1.0 11.0

CRT-D 33 1.0 6.8

Fortify and Quadra Assura  
(St. Jude Medical)

ICD (DR) 35 1.377 Li-CFX or Li-SVO RF, HM, accelerometer 11.1 4.9–5.4

ICD (SR) 35 1.377 11.7

CRT 38 1.377 8.4

All the estimates included in the table are under conditions of 2.5 V, 0.40 ms, 60 bpm and with a 500 Ω lead51. CFX, carbon monofluoride; CLS, closed-loop 
stimulation; CRT-D, cardiac resynchronization therapy–defibrillator; DR, dual chamber; EOS, end of service; ERI, elective replacement indicator; HM, home 
monitoring; ICD, implantable cardioverter–defibrillator; MnO2, manganese dioxide; MV, minute ventilation; QMR, quasar medium rate (combining the advantages 
of SVO and CFX chemistry); RF, radiofrequency communication; SR, single chamber; SVO, silver vanadium oxide. aThe data range given for cardiac pacemakers is 
for 100% to 50% pacing. The data given for ICD devices is for 0% pacing and assumes zero clinical shocks. The data given for CRT-D devices is for 15% atrial pacing, 
100% biventricular pacing and zero clinical shocks. Each additional clinical shock reduces the life of the device by 16–47 days, which means that the actual service 
life of these devices is less than the manufacturer’s predicted value (often by 4–6 years).

Electron-capture properties
During electron capture, an 
electron in the inner shell of an 
atom is drawn into the nucleus 
where it combines with a 
proton, forming a neutron  
and a neutrino; the neutrino  
is ejected from the atom’s 
nucleus, and the overall effect 
is for an unstable atom to 
become more stable.
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in the spontaneous polarization of some crystals when 
they are heated to different temperatures. When the 
temperature is constant, the spontaneous polarization 
intensity of the crystal remains unchanged, and no pyro­
electric current is generated. However, when the temper­
ature increases or decreases over time, the intensity of 
the spontaneous polarization will decrease or increase, 
respectively. If the crystal is connected to an external 
circuit, pyroelectric current is generated in the circuit. 

A continuous cycle of heating and cooling produces a 
constant electric current67 (Fig. 2d).

Biofuel cells
Biofuel cells are an important approach to harvesting 
biochemical energy from the biofluid environment of 
living organisms to produce electricity. Biofuel cells 
generate power by a mechanism involving reduction– 
oxidation reactions, similar to that of commercial fuel 
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Fig. 2 | Existing self-powered technologies and their fundamental 
features. a | Types of energy present in the human body and different 
methods of harvesting these kinds of energy. b | The principle underlying 
a zinc oxide-based piezoelectric nanogenerator with a wurtzite crystal 
structure. The Zn2+ and O2− ions are related in a tetrahedral configuration, 
and the charge centres of these cations and anions overlap (left). When 
an external force is applied along the c-axis (centre), the charge centres 
are displaced (right) and a dipole moment is formed. Superposition of the 
dipole moments generates a piezoelectric potential. c | The four 
fundamental working modes of triboelectric nanogenerators (TENGs). 
The triboelectric effect occurs at the interface between two different 
dielectric materials that are in contact. TENGs rely on the coupling  
of triboelectrification and electrostatic induction. When the two friction 
layers are brought into contact, triboelectric charges are transferred  
to the two surfaces. When the two friction layers are separated, an 

electrostatic field is created by the triboelectric charges, which can drive 
electrons to flow through an external circuit that has a resistance (R).  
The four different categories of TENG design are vertical contact–
separation mode, single-electrode mode, lateral sliding mode and 
freestanding triboelectric layer mode. d | The principle underlying a 
pyroelectric nanogenerator based on the spin Seebeck effect. 
The pyroelectric effect refers to a phenomenon in which the polarization 
of some crystals spontaneously changes in response to a variation in 
temperature. As the temperature goes up and down over time (dT/dt),  
the intensity of the spontaneous polarization will decrease or increase, 
and pyroelectric current (I) will be generated in the circuit. e | The 
principle underlying biofuel cell based on a glucose redox reaction.  
A typical biofuel cell uses enzymes as catalysts for glucose oxidation at 
the anode and oxygen reduction at the cathode to generate electric 
power.

www.nature.com/nrcardio

R e v i e w s



cells (Fig. 2e). A typical biofuel cell uses enzymes as cata­
lysts for glucose oxidation at the anode and oxygen reduc­
tion at the cathode to generate electric power68–70. These 
electrochemical reactions can be described as follows71:

→

–

–

Anode: C H O + 2OH

C H O + H O + 2e
6 12 6

6 12 7 2

→Cathode: 1
2

O + H O + 2e 2OH2 2
− −

→ .Overall: C H O + 1
2

O C H O6 12 6 2 6 12 7

The two electrodes (the anode and the cathode) are usu­
ally separated into two compartments and are connected 
to an external electrical circuit.

In addition to the generator systems mentioned 
above, other methods of generating electricity have been 
reported, such as solar cells that harness solar energy 
on the basis of the photovoltaic effect72–74, oscillation 
generators that harness mechanical energy from the 
human body on the basis of the electromagnetic effect75 
and endocochlear potential cells that harness the poten­
tial difference between the perilymph (the extracellular 
fluid located within the inner ear) and the endolymph 
(the fluid contained in the membranous labyrinth of the 
inner ear) owing to K+ transfer76. Each of these methods 
has its own characteristics, advantages and limitations 
when applied to biological self-powered systems. Some 
of the most promising progress is described below.

Applications of self-powered CEDs
Existing battery technology constrains many aspects 
of current CEDs, including service life, miniaturiza­
tion, flexibility and biosecurity49. Therefore, replacing 
or supplementing batteries with a sustainable power 

source has the potential to revolutionize the field of 
CEDs, which is also the motivation behind the devel­
opment of self-powered cardiovascular devices. The 
harvesting of kinetic energy from the heart by a PENG 
was first demonstrated in 2010 (ref.77) and, since then, 
various novel energy-harvesting devices have been  
built, initiating a wave of self-powered devices in the car­
diovascular field designed using nanogenerator technol­
ogy. Research into self-powered CEDs can be broadly 
divided into two categories: the use of nanogenerators to 
harvest energy from the human body or ambient envi­
ronment as a sustainable power source for CIEDs, and the 
use of nanogenerators as active sensors for monitoring  
physiological signals (Fig. 3).

Sustainable power source for CIEDs
CIEDs need to function for as long as possible in the 
human body, preferably for the lifetime of the patient49,78–80.  
Multiple replacements of devices and the associated 
surgery bring huge health risks to patients as well as 
economic burdens to health-care systems. In addition, 
to ensure a minimum life of a battery, reducing the 
volume and mass of a CIED is difficult, which imposes 
limitations on optimizing the overall design of the 
device. The use of self-powered technology would be an 
ideal solution to address these limitations by ensuring 
a continuous energy supply and allowing new device 
designs and reductions in size.

Piezoelectric self-powered devices. The rhythmic con­
traction and relaxation of the heart to pump blood 
around the circulatory system provides an inexhausti­
ble source of power for energy-harvesting devices81 and 
generates sufficient kinetic energy to power a CIED. 
When implanted in the human body, a PENG can 
convert biomechanical energy into electricity (Fig. 4).  

Table 2 | Characteristics of implanted energy harvesters

Energy 
harvester

Materials Structures output 
in vivo (V)

Size implantation 
sites

Biocompatibilitya implantation 
duration 
(animal)b

Cost refs

PENG ZnO Single 
nanowire

0.001–0.003 100–800 nm 
diameter

Heart, 
diaphragm

Good NA (rat) High 77

PZT Flexible 
multilayers

0.3–17.8 1.5–6.0 cm2 Heart, lungs Risk of lead 
poisoning

48 h (pig) High 82–84, 

107,108

PVDF Thin film or 
nanofibres

0.014–4.8 0.25–6.50 cm2 Heart, lungs, 
arteries

Good 5 days (rat) High 106

TENG Polymer or 
metal

Double 
contacting 
layers

3.7–65.2 1.5–23.8 cm2 Heart, 
diaphragm, 
under chest skin

Good 72 h (pig) Low 90–92,109, 

112,114,134

Oscillation 
generator

Metal Bulk 0.6–0.9 ~4 cm 
diameter

Heart Fair 1 h (sheep) Low 75,93,94

Biofuel cell Enzyme and 
metal electrode

Thin film 0.2–0.6 0.25–0.75 cm2 Jugular vein, 
retroperitoneal 
space, blood 
vessel in ear

Good 167 days (rat) Low 70,132, 

133,136

Solar cell Semiconductors Bulk or thin 
film

3.00–5.67 0.14–4.60 cm2 Under the skin Good 7 months 
(rabbit)

High 98–100

Only devices that have been implanted in living animals are listed in the table, and all data were tested in vivo. NA, not available; PENG, piezoelectric nanogenerator; 
PVDF, polyvinylidene fluoride; PZT, lead zirconate titanate; TENG, triboelectric nanogenerator; ZnO, zinc oxide. aBased on the description in the referenced papers 
or the chemical properties of the material itself. bThe longest implantation time reported to date is given.

Photovoltaic effect
A process in which two 
dissimilar materials in close 
contact produce an electrical 
voltage when struck by light or 
other form of radiant energy.

Electromagnetic effect
A process in which either a 
stationary conductor is put  
in a moving magnetic field  
or a moving conductor is  
put in a stationary magnetic  
field, producing a voltage or 
electromotive force across  
the electrical conductor.
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The first in vivo demonstration of the conversion of bio­
mechanical energy from the beating heart into electrical 
energy by a PENG was reported in 2010 (ref.77). Various 
ZnO nanowire devices were implanted into a living rat. 
An AC output synchronized with the heart beat was 
obtained, with an open-circuit voltage (Voc) of 3 mV and  
a short-circuit current (Isc) of 30 pA.

In 2014, a flexible device consisting of PZT ribbons 
was reported82. This PZT-based device was integrated 
with a rectifier and a rechargeable microbattery and was 
encapsulated in polyimide. The device was implanted 
into several animal models and was able to harvest and 
store energy from the heart. The long-term stability of this 
PENG was tested under mechanical loading conditions 
for >20 million cycles in a moist environment82. Another 
group also reported a PZT-based piezoelectric device for 
harvesting energy from the heartbeat in vivo83. The out­
put voltage reached 3 V, which roughly matches the  
operating voltage of some CIEDs, such as commercial 
cardiac pacemakers83.

To improve the efficiency of energy harvesting 
to meet the energy consumption of CIEDs, more 
advanced piezoelectric materials have been proposed. 
In 2017, a piezoelectric energy harvester containing 
single-crystalline (1–x)Pb(Mg1/3Nb2/3)O3–xPb(Zr,Ti)O3 
(PMN–PZT) was reported, with a Voc of 17.8 V and an 
Isc of 1.74 µA at its highest output from pig heart beats84. 
The researchers also built a successful self-powered, 
wireless communication system.

Kinetic energy can also be harvested from the motion 
of organs and tissues other than the heart, including 
from the dilatation of arteries85, movements associated 

with breathing77,82,86 and peristalsis of the stomach87. 
This research provides many more options for building 
self-powered CIEDs.

Triboelectric self-powered devices. The first success­
ful TENG was reported in 2012 (ref.57). Since then, 
this booming technology has benefited various fields, 
especially biomedicine88,89. The first use of an implant­
able TENG in cardiovascular medicine was reported in 
2014 (ref.90) (Fig. 4). This TENG harvested the energy 
from periodic breathing to generate an AC output of 
3.73 V at 0.14 μA (Fig. 5a). The converted electricity 
could be stored and used to power a prototype pace­
maker, demonstrating for the first time the feasibil­
ity of building pacemakers that are self-powered by  
a TENG.

In 2016, the same group proposed improvements to 
the TENG and implanted the device into large animals 
for the first time. Driven by the heart beat of adult pigs, 
the TENG generated an output of 14 V at 5 µA, which 
was the highest achieved at that time. In addition, the 
device worked constantly for >72 h in an active animal, 
which was a substantial achievement91.

Current efforts are mainly focused on optimizing 
the efficiency of energy harvesting and storage in order 
to achieve a truly self-powered implantable device. 
In 2019, the ‘symbiotic pacemaker’, a fully self-powered, 
implantable stimulator that uses TENG techno­
logy, was described92. The symbiotic pacemaker suc­
cessfully corrected sinus arrhythmia in adult pigs  
(Fig. 5b–d). This remarkable device used the energy  
harvested in  vivo from a large animal to achieve 
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Fig. 3 | implementation path for building a self-powered cardiovascular electronic system. Energy can be harvested 
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nanogenerators (TENGs), pyroelectric nanogenerators (PyENGs) and biofuel cells. The energy is then stored in a power 
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Open-circuit voltage
(Voc). The difference in electric 
potential between two 
terminals of a device when 
disconnected from any circuit 
(no external load is connected 
and no external electric current 
is flowing between the 
terminals).

Short-circuit current
The excess current flowing 
through an electrical circuit as 
a result of an unintended path 
in the circuit with no or very 
low electrical impedance.

Rectifier
An electrical device that 
converts alternating current, 
which periodically reverses 
direction, into direct current, 
which flows in only one 
direction.
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complete pacing functions for the first time, an impor­
tant breakthrough in the development of self-powered 
CIEDs.

Other strategies for powering CIEDs. Many strategies 
other than TENG and PENG have been reported that 
allow the extraction of energy from the human body or 
the ambient environment, such as PyENGs, biofuel cells, 
solar cells and oscillation generators. However, not all of 
these approaches have been used as implantable power 
sources for cardiovascular devices because of limitations 
associated with their operating mechanism, materials or 
output efficiency.

Before the use of PENGs and TENGs, oscillation 
generators were widely considered for harvesting 
biomechanical energy. In 1999, a device based on a 
quartz clock was implanted on the right ventricular wall 
of a dog to harvest the kinetic energy of the heart75.  
In 2013, a new type of oscillation generator was designed 
with imbalanced mass93. Biomechanical energy from the 
heart of a sheep was successfully harvested (11 µJ per 
heart beat), which could be stored and used by a car­
diac pacemaker93. However, the device was fairly heavy 
(16.7 g), which might impose a burden on the heart. 
Therefore, optimization was focused on how to reduce 
the mass and size of the device. In 2017, a new oscillation 
generator with a radius of 3.8 mm and a mass of 7.7 g 
was designed. When implanted at an epicardial site, this 

new device could generate sufficient power to drive a 
prototype pacemaker94.

Solar energy is one of the cleanest and most abun­
dant sources of energy in the ambient environment. 
The equipment for utilizing solar energy to generate 
electricity has been commercialized for >50 years95–97. 
Accordingly, researchers have attempted to adapt solar 
cells to power CIEDs. In 2014, a device containing three 
small commercial solar cells was placed subdermally in 
a pig and used to power a pacemaker98. At an implanta­
tion depth of 3 mm, the device yielded >3,500 µW/cm2 
of power density. In the following year, the researchers 
used advanced monocrystalline solar cells with a power 
density of 1,963 μW/cm2, further developed a low-light 
photovoltaic module and implanted the device in vivo 
to power a fully functional, battery-free, single-chamber 
pacemaker99. Another group reported an integrated, 
self-powered system consisting of ultrathin photovoltaic 
cells, a rechargeable battery and a pacemaker100. This sys­
tem was implanted subdermally in mice to harvest solar 
energy, and electricity directly generated or stored by the 
device was used to operate a custom-made pacemaker. 
In the context of implantable power sources, the effi­
ciency of energy conversion of a photovoltaic device is 
inversely related to the depth of implantation. Flexibility, 
miniaturization, comfort and safety while maintaining 
efficiency are still challenges for the implantation of 
existing photoelectric conversion devices.

Quartz clock
Inside a quartz clock or watch, 
the battery sends electricity  
to the quartz crystal through 
an electronic circuit; the  
quartz crystal oscillates 
(vibrates back and forth)  
at the precise frequency of 
32,768 times per second.
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Fig. 4 | Evolution of implantable PENgs and TENgs to build self-powered CiEds. Milestones in the development of 
implantable piezoelectric nanogenerators (PENGs) and triboelectric nanogenerators (TENGs) to produce self-powered 
cardiovascular implantable electronic devices (CIEDs). EHU, energy harvest unit; MEH, mechanoelectric harvester;  
PMN, (1–x)Pb(Mg1/3Nb2/3)O3; PMU, power management unit; PZT, lead zirconate titanate; SEPS, self-powered endocardial 
pressure sensor; Voc, open-circuit voltage; ZnO, zinc oxide. Top left image adapted with permission from ref.77, Wiley.  
Top middle left image adapted with permission from ref.82, PNAS. Top middle right image adapted with permission from 
ref.84, Wiley. Top right image adapted with permission from ref.137, Elsevier. Bottom left image adapted with permission 
from ref.90, Wiley. Bottom middle left image adapted with permission from ref.91, ACS. Bottom middle right image 
adapted from ref.114, Wiley. Bottom right image adapted from ref.92, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0).
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Active sensors of cardiovascular signals
Some physiological signals, such as heart rate and 
rhythm, radial artery pulse and blood pressure, glycae­
mic index, breathing wave, body temperature and daily 

movement, can provide information on cardiovascular 
health for the prevention of diseases through early diag­
nosis and intervention101. The development of wear­
able and implantable sensing devices allows real-time 
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monitoring of these physiological signals. Currently, 
most wearable devices are designed to meet the needs 
of daily life. Their quality requirements, including bat­
tery life, data accuracy, equipment reliability and con­
sistency of testing standards, are not strictly regulated 
and, therefore, these devices are generally unsuitable 
for medical applications. In medical practice, clinically 
approved devices need more complex functions, more 
stable and accurate data acquisition, more reliable and 
durable equipment, greater convenience for patients, 
better compliance to avoid missing any sudden changes 
in physiological signals in patients at high risk of a car­
diac event, and continuous real-time monitoring of these 
signals at all times and in all places. These criteria rep­
resent the challenges associated with lifestyle wearable 
devices. For medical applications, wearable or implant­
able self-powered cardiovascular sensors with low power 
consumption, long life, high sensitivity and long-term 
stability are necessary. Two main strategies exist: active 
sensors, which can directly read, analyse and convert 
kinetic, chemical and/or thermal signals into electricity  
and monitor the status of the human body102 (Fig. 5e), and  
devices that use nanogenerators to harvest energy 
to power medical sensors103–105, which are similar in 
concept to the self-powered CIEDs. Therefore, the fol­
lowing discussion focuses mainly on the first strategy. 
With the active sensors described below, self-powered 
data acquisition, transmission and display can be 
simultaneously achieved in a system without a battery. 
However, if the device has integrated functions such as 
signal processing and wireless communication to form 
a fully self-powered system, the two strategies need to be  
combined106.

Wearable self-powered pulse sensors. Pulse sensing is an 
effective way to obtain data on cardiovascular parameters, 
such as radial artery pulse pressure and heart rate. The  
pulse can easily be detected on particular parts of  
the body surface with the use of a wearable device, which 
can provide important diagnostic parameters, such as 
amplitude, frequency and waveform. A PENG-based 
wearable self-powered pulse sensor, mounted on the 
skin, successfully measured subtle changes in radial 
artery augmentation index and pulse pressure veloc­
ity, with high sensitivity (~0.005 Pa) and fast response 
times (~0.1 ms)107. A piezoelectric device incorporating 
a Pb–PZT film was designed to detect dynamic radial 
or carotid artery pulsation and respiratory motion when 
attached to the wrist or neck108. Tiny pulse changes 
arising on the surface of the epidermis were detected, 
with good sensitivity (approximately 0.018 kPa−1), a fast 
response time (approximately 60 ms) and good mechani­
cal stability. A TENG-based, self-powered pulse sensor, 
which consisted of flexible thin films of polydimethyl­
siloxane and Kapton, showed excellent sensing capacity 
when applied as a patch on different parts of the human 
body109 (Fig. 5f–h). Some cardiovascular diseases such as 
cardiac arrhythmia, atrial septal defect and coronary 
heart disease were diagnosed using this device. Another 
TENG-based pulse sensor was designed for non-invasive 
blood pressure measurement and had a high sensitivity 
of 45.7 mV/Pa, an ultrafast response time of <5 ms and 

no performance degradation after up to 40,000 motion 
cycles110. These self-powered devices are useful for the 
continuous assessment of an individual’s health status 
and have the potential for detecting the early onset of 
cardiovascular disease.

Implantable active pulse sensors. Implantable sensors 
were invented to eliminate the interference of wear­
able devices with human activities and to meet the 
demand for higher fidelity and accuracy of acquired 
signals102,104,111. However, implantable sensors have  
inherent challenges, such as battery capacity, effective 
signal transduction and infections. Combining self- 
powered technology with implantable active sensors is 
a promising approach to reducing energy consumption 
and extending battery life to achieve long-term moni­
toring of cardiovascular signals in vivo. An implantable 
triboelectric active sensor (iTEAS) was designed using 
TENG-based self-powered technology for real-time 
monitoring of cardiovascular signals112. The iTEAS 
responded to heart contraction and relaxation, with a 
heart rate detection accuracy of 99% and some capac­
ity to detect cardiac rhythm disturbances, such as atrial 
fibrillation and premature ventricular contraction.  
A piezoelectric thin-film-based implantable active sen­
sor was designed to be wrapped around the aorta for 
blood pressure monitoring and had excellent linearity 
and accuracy (R2 = 0.99)113. In 2019, a TENG-based, 
miniaturized (1.5 × 1.0 cm) active sensor was integrated 
with a surgical catheter for real-time endocardial pres­
sure monitoring114. This device was implanted into the 
left ventricle or left atrium and achieved ultrasensitive, 
real-time monitoring in vivo. This device could detect 
arrhythmias such as premature ventricular contraction 
and ventricular fibrillation.

Active respiratory sensors. In 2018, a novel TENG-based 
active respiratory sensor was designed that could monitor 
respiratory rhythm115, in which voltage peaks changed 
in accordance with breathing patterns. A PENG-based 
active respiratory sensor has also been developed. 
This flexible pressure sensor, made from a composite 
film of polyvinylidene fluoride–trifluoroethylene and 
multiwall carbon nanotubes, was positioned under 
the nose, and the respiratory airflow was harnessed to 
generate electrical signals116. A PyENG-based approach 
was used to produce an active breath sensor that could 
monitor temperature fluctuations during a breath, on the  
basis of the spin Seebeck effect117,118. The output of 
the PyENG was closely related to the temperature 
variation between exhaled gas and the ambient air119. 
The device could directly detect the respiratory rate 
and differentiate between three different patterns of 
breathing (normal, deep and rapid)119.

Active blood sugar sensors. An active blood sugar sensor 
has been designed using an n-type organic semiconductor 
integrated with a biofuel cell120. The sensor consists of 
a polymer-based, flexible biofuel cell as the power gen­
erator and a small organic electrochemical transistor as 
the detector of glucose in bodily fluids. The sensor can 
detect a wide dynamic range of glucose levels (10 nmol/l 

Spin Seebeck effect
The generation of spin ‘voltage’ 
as a result of a temperature 
gradient; when a metallic 
magnet is subjected to a 
temperature gradient, it 
generates different driving 
powers of electrons in different 
spin channels along the 
temperature gradient.

n-Type organic 
semiconductor
Organic materials that  
are generally electrical 
insulators but which become 
semiconducting when charges 
are injected from appropriate 
electrodes; n-type organic 
semiconductors are electron 
acceptors with a low-lying 
lowest unoccupied molecular 
orbital.

Organic electrochemical 
transistor
A transistor in which the  
drain current is controlled  
by the injection of ions  
from an electrolyte into  
a semiconductor channel;  
the injection of ions in the 
channel is controlled through 
the application of a voltage  
to the gate electrode.

Nature Reviews | Cardiology

R e v i e w s



to 20 mmol/l), with a sensitivity that can be adjusted by 
varying the conditions, and is a cost-effective, efficient 
and portable solution for blood sugar sensing.

Active body temperature sensors. Investigators have dis­
cussed the possibility of TENG-based or PENG-based  
active body temperature sensors using temperature- 
sensitive polyvinylidene fluoride film121,122, which will 
help to evaluate physiological status and possibly to diag­
nose disease. A highly sensitive temperature–pressure 
dual-mode sensor was produced by combining PENG 
and PyENG technologies123. The flexible, self-powered 
sensor has a temperature resolution of <0.1 K and a 
pressure-sensing sensitivity of >20 kPa−1.

Challenges and future perspectives
Interfacing with the human body
The functioning of a self-powered CED depends on the 
conversion of human-derived energy into electricity. No 
matter what kind of energy conversion method is used, 
the device must be in contact with the human body in 
a stable and close manner. Given the soft and curvilin­
ear features of human tissues and organs (including the 
heart, diaphragm, lungs, stomach, muscles and skin) 
that the device will be implanted into or fixed on, the 
inability of rigid wearable and implantable systems to 
form a close interface remains a constraint. Reducing 
mechanical mismatch in the interface between the 
electronic device and the organism can effectively cir­
cumvent adverse immune responses during chronic 
implantation and thereby improve biosafety124. Indeed, 
soft and compliant integration of electronic devices 
with the human body is also necessary to improve 
the efficiency of energy conversion and sensing func­
tions. Several approaches can be considered to achieve 
self-powered devices that conform to biological sur­
faces. First, further optimization of the structural design 
of electronic devices should be pursued, which might 
include the incorporation of ultrathin, porous, woven 
and/or other engineered materials125,126 to introduce both 
flexible and stretchable properties to the entire device. 
Second, the development of intrinsically flexible and 
stretchable materials with low Young’s modulus can pro­
vide tissue-level soft mechanical properties that elimi­
nate the barrier at the interface between the electronics  
and the organism127.

Miniaturization
With advanced microfabrication and nanofabrication 
techniques, CEDs can be made increasingly compact 
and integrated. A bulky battery or other form of tradi­
tional power source is one of the main obstacles to the 
miniaturization of CEDs. Therefore, finding solutions to 
reduce the mass and size of the power source, without 
compromising the energy supply, is of great importance. 
Self-powered technologies that harvest energy from 
human activities and/or the surrounding environment 
might mean that CEDs no longer need to be powered by 
a bulky battery. Reducing the mass and volume of these 
energy harvesters is central to achieving the aim of min­
iaturizing the overall device. For example, for devices 
designed to be placed in the pericardial space, a flat 

geometry is preferable. The thickness should ideally 
be <3 mm, but the area can be relatively larger. In addi­
tion, the mass of the device should typically be <1–2% of 
the mass of the heart (that is, <3–6 g), so as not to disturb 
cardiac contraction128. The mass of the smallest leadless 
pacemaker is currently approximately 2 g (ref.129).

As shown in Table  2, implantable PENGs and 
TENGs have been constructed using single-layered or 
double-layered thin flexible films, and their reported 
maximal thickness and mass are 0.9 mm and 1.9 g, 
respectively92. Therefore, these devices can easily be 
implanted into the narrow pericardial space or fixed 
(bio-bonded or stitched) onto the outside of the heart 
and will not disturb cardiac contraction. However, oscil­
lation generators are a similar size to wristwatches, and 
their mass is often >10 g, exceeding the loading limit of 
the heart. The size and mass of electromagnet-based 
generators (EMGs) are also the main factors that hin­
der their clinical application in implantable or wearable 
cardiovascular devices. In a study evaluating the output 
voltages of different types of energy-harvesting device in 
relation to their mass, the values in PENGs, TENGs and 
EMGs were 28.0 V/g, 93.3 V/g and 0.3 V/g, respectively, 
indicating that increasing the output capacity of PENGs 
and TENGs will not substantially increase the mass of 
the device, and these devices have more potential for 
further miniaturization130.

To maintain the output power while also miniaturiz­
ing self-powered CEDs, some possible directions should 
be considered, such as designing novel structures for 
higher outputs, the use of ultrathin encapsulation mate­
rials and methods, and the application of flexible integ­
rated electronic circuits. Advances in materials science, 
electronic technology, and microprocessing and nano­
processing technologies provide a great opportunity 
to develop smaller, more durable and more functional 
self-powered CEDs.

Power management
Appropriate power management can increase the effi­
ciency of energy harvesting and energy use in self- 
powered devices. Efficient power management can be 
achieved by two main strategies. The first approach 
involves the conversion of unstable and pulsatile energy 
and storage of this energy via carefully designed elec­
trical circuits. For example, PENGs and TENGs can be 
driven by periodic motions of the beating heart or 
breathing to generate a pulsatile output that cannot 
be used to power CEDs directly. The energy should be 
stored in batteries or capacitors for later use. In addition, 
the impedance mismatch between energy harvesters and 
common energy storage devices or CEDs can induce 
substantial energy loss or electrical failure, and is also a 
focus for future research.

For the second approach, some energy harvesters 
with a fairly stable, continuous and low-current out­
put, such as biofuel cells, can be used to power CEDs 
directly. Here, the main strategy is to increase the out­
put voltage. DC-to-DC converters and charge pumps can be 
used to increase the output voltage to meet the required 
operating voltage (2–3 V) of most CEDs. Other power 
management methods, such as buffer capacitors98 and 

Young’s modulus
A measure of the capacity  
of a material to withstand 
changes in length when  
under lengthwise tension  
or compression.

Impedance mismatch
In electrical engineering, an 
impedance mismatch occurs 
when the input impedance  
of an electrical load does not 
match the output impedance 
of the signal source, resulting  
in signal reflection or an 
inefficient power transfer 
(depending on the type  
of matching required).

DC-to-DC converters
Electronic circuits or 
electromechanical devices  
that convert a source of  
direct current (DC) from  
one voltage level to another.

Charge pumps
DC-to-DC converters that  
use capacitors for electrical 
charge storage to raise or  
lower the voltage.

Buffer capacitors
A capacitor designed to 
suppress voltage surges  
that might otherwise damage 
other components in an 
electrical circuit.
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small rechargeable batteries100, have been used during 
temporary energy shortages, for example, to power a 
solar-cell-based pacemaker at night.

Wireless technology
The existing mechanisms of wireless communication 
involve substantial power consumption, which limits 
the miniaturization of CEDs. However, incorporating 
wireless technology into CEDs gives physicians access 
to real-time data and the ability to make adjustments to 
treatment regimens without the need for patients to attend  
a hospital or clinic.

In the future, multiple medical devices located at 
different locations in the body (including, for example, 
leadless pacemakers positioned deep within the heart) 
might need to communicate with each other and work 
together129. The distance, depth and frequency of wire­
less transmission will be greatly increased, which will 
require more powerful communication capabilities. 
The optimization of wireless technology, including 
internal circuits, antennas and transmitters and a com­
munication network within the body, together with 
the development of a self-powered energy supply and 
power management systems, will produce the next gen­
eration of self-powered CIEDs, with opportunities for 
miniaturization, complexity, robustness and increased 
functionality.

Standardization
Before their widespread use, standardized evaluation of 
self-powered CEDs must be conducted. These evalua­
tions will also help to refine device design. The evaluation 
criteria should include the following aspects.

Output properties. To assess their suitability as sustain­
able power sources, the output performance of the vari­
ous self-powered technologies should be standardized in 
order to facilitate the design and manufacture of medical 
electronic devices. These criteria include Voc, Isc, current 
density, internal resistance, maximum output and the 
efficiency of energy conversion. The specification of these 
values will help to establish widely accepted standards  
for practical applications of self-powered CEDs.

Connections. Connections are important for self- 
powered devices. Different components are most com­
monly connected using electrical wires. These wires are 
often made of gold131, copper132,133, polytetrafluoroeth­
ylene87, carbon paste70 or sputtered metals83,107. Further­
more, energy-conversion devices will be widely applied 
in future electrical devices, just as standard batteries 
are commonly used at present. Therefore, the connec­
tion between the energy harvester and the electronics 
needs to be standardized134 to allow the assembly of a 
self-powered implantable electrical system. In addition 
to size specifications, the connector should have steady 
power transmission and long-term mechanical stability. 
Moreover, given that some implantable energy har­
vesters need to be located in soft and cramped positions 
inside the body, the connectors must be manufac­
tured using conducting polymers to allow maximum 
flexibility.

Implantation-related evaluation. Providing sustainable 
energy to build implantable medical devices that can be 
used for a lifetime is one of the main motivations for 
the development of self-powered CEDs. Given that the 
device will stay inside the body for years or even decades 
and will be in contact with surrounding organs and tis­
sues, strict in vivo evaluation criteria for biocompatibility, 
implantation method and site, and long-term durability 
must be applied135. Currently, these evaluations are nei­
ther systematic nor complete, and no unified evaluation 
standards or evaluation system have been established. 
Appropriate standardization of the surgical process is 
also essential. Considering the various possible implan­
tation sites, such as the heart, lungs, diaphragm or aorta, 
the best implantation site and fixation strategy should 
be carefully studied and determined to guide future use.

Data handling. With either implantable or wearable 
CEDs, a large amount of data is continuously generated. 
Data collection, storage, transmission and analysis are 
performed using different platforms, algorithms and 
standards, and are difficult to translate to clinical prac­
tice. Therefore, one of the major challenges for the wide­
spread adoption of self-powered CEDs into health-care 
systems is the identification and extraction of useful and 
actionable health-related information from the huge vol­
ume of data. With the increasing uptake of self-initiated 
physiological signal monitoring by individuals, applying 
big data analytical methodologies and machine learning 
to these datasets is a potential and inevitable solution. 
The increased computing power and ever-growing appli­
cation of artificial intelligence will be used for the predic­
tion of cardiovascular disease before the development of 
symptoms and to inform clinical decision-making.

Conclusions
Self-powered technology fits perfectly with the mobil­
ity, miniaturization and distribution of wearable and 
implantable CEDs. However, these devices are under­
going continuous evolution, with the latest generation 
of self-powered CEDs being smaller, softer, safer, more 
durable and more functionally complex than previous 
devices. With the integration of these advanced prop­
erties, self-powered CEDs will continue to improve, so 
that extremely long service lifetime, progressive minia­
turization, better human conformability, improved sens­
ing capacity, integrated functions with real-time data 
transmission, mobile data processing, and smart power 
utilization to adjust dynamically to power consump­
tion and physiological needs will be achieved. Various 
self-powered CEDs are potentially available to meet the 
requirements of specific applications, such as in vivo 
diagnosis and treatment, real-time monitoring after 
surgery, and chronic disease monitoring and feedback. 
Meanwhile, device design and data processing technol­
ogies will be further tailored to specialized needs. In the 
future, self-powered implantable or wearable medical 
sensors and electronic devices are likely to be adopted 
as mainstream solutions in the field of cardiovascular 
diagnosis and treatment.
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Sputtered metals
A process by which metals 
form a thin layer of conducting 
material on a surface as a 
result of sputtering, a method 
of physical vapour deposition.
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